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Summary  of  Accomplishments 

Investigations  carried  out  with  the  support  of  AFOSR-86-0130  have  included  synthesis  of 
many  new  fluorocarbons  and  fluorocarbon  derivatives,  exploration  of  new  synthetic  methodology 
in  fluorocarbon  chemistry,  determination  of  thermodynamic  and  kinetic  parameters  for  fluorocarbon 
valence  isomerizanons,  study  of  negative  hyperconjugation,  and  examination  of  mechanisms  of 
fluorocarbon  reactions.  Through  failures  as  well  as  successes  we  have  learned  a  great  deal  about 
how  to  synthesize  perfluonnated  annulcnes  and  their  relatives.  We  have  acquired  much  information 
about  potential  energy  surfaces  for  fluorocarbon  valence  isomcrizations,  information  which  through 
comparison  with  data  on  the  corresponding  hydrocarbon  systems  crunches  our  knowledge  and 
understanding  of  fluorine  substituents  effects  on  molecular  properties  and  chemical  reactivity.  Our 
study  of  rotational  barriers  in  alpha-fluoramines  has  revealed  that  negative  hyperconjugation  can 
have  powerful  energetic  consequences  even  in  neutral  molecules.  Insights  into  fluorocarbon 
reaction  mechanisms,  both  thermal  and  photochemical,  have  emerged  from  our  synthetic 
explorations  as  well  as  from  explicitly  mechanistic  studies 

Lessons  learned  in  the  work  described  here  set  the  stage  for  synthesis  of  novel,  yet-unknown 
fluorocarbons  and  for  physical  organic  investigations  of  their  nature  and  chemistry.  In  the  interest 
of  conciseness,  the  summary  presented  below  of  our  work  under  AFOSR-86-0130  does  not  include 
all  of  the  projects  investigated.  This  account  is  organized  under  three  headings:  Synthetic 
Methodology  and  its  Applications,  Negative  Hyperconjugation,  and  Other  Valence  Isomerizations. 

Synthetic  Methodology  and  its  Applications 

Protection  of  fluorinated  double  bonds.  This  is  a  central  problem  for  us  in  the  synthesis  of 
perfluorinated  annulenes  and  their  valence  isomers.  Protection  by  bromination  or  chlorination  is 
useful  but  limited,  in  the  former  case  because  the  bromofluorocarbons  decompose  at  elevated 
temperatures  and  in  the  latter  because  deprotection  may  require  conditions  too  vigorous  for  a 
delicate  fluorocarbon  product  to  survive.  In  certain  instances  base-induced  elimination  of  HC1 
would  enjoy  an  advantage  over  reductive  dehalogenation,  but  we  discovered  in  exploring  this 
option  that  HF  elimination  competes  effectively  against  HQ  elimination  if  the  stereochemistry  is  not 
optimal.  Vicinal  dechlorination  and  debromination  do  have  the  virtue  of  working  even  when  the 
geometry  for  concerted  elimination  is  poor. 

Thus,  much  effort  has  been  devoted  to  developing  alternative  strategies  for  double  bond 
protection,  as  described  in  the  Second  Interim  Report.  It  is  highly  desirable  that  the  final 
deprotection  step  be  photochemical  in  nature  in  order  that  very  labile  fluorocarbons  can  be  generated 
and  studied  at  low  temperatures.  Cycloaddition  of  2-chlorodiazoethane  was  envisioned,  followed  at 
the  appropriate  stage  of  the  synthesis  by  elaboration  of  a  2,3-diazacyclopentenone  ring  and 
photoelimination  of  nitrogen  and  carbon  monoxide  to  regenerate  the  double  bond.  This  scheme  was 


2 


eventually  abandoned,  in  part  because  of  the  danger  in  handling  the  capriciously  explosive  diazo 
compound.  Efforts  to  synthesize  4-substituted  triazolMinediones  capable  of  forming  easily 
degradable  cycloadducts  with  fluoroolefins  were  frustrated  by  the  previously  unknown  and  quite 
surprising  tendency  of  the  parent  triazolidinedione  to  acylate  and  alkylate  at  the  1-  rather  than  the 
4-position. 

We  therefore  chose  the  unusual  strategy  of  protecting  double  bonds  with  an  etheno  bridge, 
then  eliminating  the  bridge  via  photolysis  of  the  derived  ozonide.  This  plan  worked  very  well  on 
the  model  compound  1.  Ozone  reacted  selectively  with  the  relatively  electron-rich  unsubstituted 
double  bond,  and  photolysis  (either  direct  or  sensitized)  of  the  resulting  ozonide  2  yielded 
hexafluorodewarbenzene  (3),  together  with  some  hexafluorobenzene. 


Applications  of  the  etheno  bridge  strategy.  Thus  encouraged,  we  designed  a  synthesis  of  the 
elusive  hexafluorobenzene  oxide  (8)  based  on  this  idea.  Previous  abortive  attempts  to  prepare  this 
compound  in  our  laboratory  and  in  England  had  suggested  that  it  is  very  sensitive.  Cycloadduct  4, 
first  prepared  under  our  previous  AFOSR  grant,  was  thermally  ring  opened  to  5,  epoxidized  with 
peroxytrifluoroacetic  acid  to  give  6,  then  reductively  dechlorinated  with  the  assistance  of 
ultrasound.  The  dechlorination  step  needs  considerable  refinement,  but  we  are  at  last  working  on 
the  crucial  ozonation/photolysis  sequence  on  diene  7.  The  expected  benzene  oxide  4  will 
undoubtedly  ring  open  to  hexafluorooxepin  9  under  mild  conditions;  we  look  forward  to  exploring 
the  chemistry  of  both  8  and  9. 
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Though  we  first  synthesized  tetrafluorocyclobutadiene  (12)  long  ago,  our  routes  to  this 
extremely  reactive  molecule  did  not  permit  direct  observation  of  the  diene  or  even  a  comprehensive 
study  of  its  reactivity  through  trapping  experiments.  Hence  we  designed  a  new  synthesis  of  12 
based  on  ozonide  photolysis.  Known  dichloride  10,  derived  from  dewarbenzene  3,  was  treated 
with  borohydride  to  replace  fluorine  with  hydrogen  on  the  double  bond  and  then  reductively 
dechlorinated  to  give  dewarbenzene  11.  Again  the  stage  is  set  for  the  critical  deprotection 
sequence. 
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1 )  NaBH4 


2)  Zn,  DMSO, 

0) 


In  another  application  of  ozonation/photolysis  to  degrade  an  etheno  bridge,  we  attempted  to 
transform  dewarbenzene  13  into  tetrakis(pentafluoroethyl)cyclobutadiene  (14).  Remarkably,  this 
sterically  hindered,  highly  electron-deficient  olefin  resisted  attack  by  ozone  even  at  100^! 


13 


G-(C2f5)4 

14 


A  new  route  to  dibromocarbene.  In  an  undergraduate  project  which  received  partial  support 
from  the  AFOSR,  we  have  developed  a  practical  new  method  for  cyclopropanation  with 
dibromocarbene  which  is  inexpensive,  versatile,  and  particularly  useful  for  electron-deficient 
olefins.  The  method  entails  mild  thermal  decomposition  of  sodium  trichloroacetate  in  bromoform  in 
the  presence  of  a  phase  transfer  catalyst.  Initially  formed  trichloromethyl  anion  abstracts  a  proton 
from  the  bromoform  solvent,  thus  leading  to  dibromocarbene.  Sodium  trichloroacetate  is  used  in 
preference  to  the  tribromoacetate  because  the  latter  is  not  commercially  available  and  the  precursor 
acid  is  two  orders  of  magnitude  more  expensive  than  sodium  trichloroacetate.  Contamination  of 
dibromocarbene  adduct  with  the  dichlorocarbene  adduct  is  typically  slight,  and  they  are  easily 
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separated.  We  have  been  able  to  cyclopropanate  vinylidene  bromide,  with  which  the  Makosza 
method  fails  completely,  using  the  new  method. 


N9O2CCI3 

CHBr3 

60° 


CBr2 


Negative  Hyperconjugation 

Alkoxyperfluorocyclooctatetraenes.  Octafluorocyclooctatetraene  (15)  exists  in  equilibrium  at 
room  temperature  with  a  mere  trace  of  its  bicyclo[4.2.0]octa-2,4-triene  valence  isomer  (16).  We 


Keq  =  0.003  (20°) 


were  thus  very  surprised  to  find  that  isopropoxyperfluorocyclooctatetraene  (17,  R=i-Pr)  has  an 
equilibrium  constant  >1  for  the  corresponding  valence  isomerization,  and  that  it  gives  only  one  of 
the  four  possible  bicyclic  isomers.  The  methoxy  analog  is  very  similar,  but  as  the  R  group  in  17 
becomes  electron  withdrawing  drops  precipitously.  This  is  obvious  with  R=CH2CF3,  and 

with  R=CH(CF3)2  it  is  easy  to  miss  detecting  the  bicyclic  form.  A  possible  explanation  for  this 
remarkable  dependence  of  the  equilibrium  constant,  apparently  on  the  electron  donor  ability  of  the 
oxygen,  is  stabilization  of  the  bicyclic  form  by  negative  hyperconjugation  involving  one  of  the 


bridgehead  fluorines  (18).  Indeed,  when  two  adjacent  methoxy  groups  were  present  so  that  both 
bridgehead  fluorines  could  become  involved  in  negative  hyperconjugation,  the  compound  existed 
essentially  entirely  in  the  bicyclic  form  19.  Negative  hyperconjugation  was  also  possible  in  other 


bicyclic  isomers  having  the  alkoxy  subsdtuent(s)  on  the  six-membered  ring,  yet  the  only  bicyclic 
forms  observed  were  18  and  19.  Cyclooctatriene  20,  which  can  form  only  one  bicyclic  form 
(21),  was  synthesized  and  its  equilibrium  constant  for  cyclization  was  compared  with  that  of  the 
analog  lacking  the  methoxy  group.  Kgq  for  20  was  larger  by  a  factor  of  only  about  four,  indicating 

that  negative  hyperconjugation  in  21  is  of  little  importance.  For  efficient  negative  hyperconjugation 
the  alkoxy  substituent  must  lie  approximately  in  the  ring  plane;  on  the  4-membered  ring  this  poses 
no  problem,  but  steric  repulsion  when  the  group  is  located  on  the  6-ring  (see  22)  may  inhibit  the 


interaction.  Further  experiments  will  be  required  to  evaluate  convincingly  the  role  of  negative 
hyperconjugation  in  determining  equilibrium  constants  for  valence  isomerization  of 
alkoxyperfluorocyclooctatetraenes. 


alpha-Fluor amines.  Our  experience  with  the  alkoxy  compounds  above  stimulated  us  to 
examine  negative  hyperconjugation  in  alpha-fluoramines,  where  the  donor  atom  is  excellent,  in 
order  to  see  how  large  the  effect  can  be  in  a  neutral  molecule.  We  synthesized  23  and  24  and 
determined  their  C-N  rotation- inversion  barriers  by  dynamic  NMR.  For  single  bonds  connecting 
small  groups  the  free  energy  barriers  were  strikingly  high:  10.1-10.2  kcal/mole.  That  these  were 
not  simply  inversion  barriers  was  confirmed  by  our  finding  that  the  pure  inversion  barrier  in  model 
compound  25  was  considerably  smaller.  Here  the  CF3  group  mimics  the  inductive  effect  of  the  F 

in  23  but  does  not  match  its  ability  to  hyperconjugate.  Pople's  Fourier  analysis  of  the  ab  initio- 
calculated  barrier  for  alpha-fluoromethylamine  indicates  that  half  the  barrier  height  is  attributable  to 
negative  hyperconjugation  and  the  balance  to  dipole-dipole  repulsion  and  torsional  strain.  On  this 
basis,  we  conclude  that  negative  hyperconjugation  accounts  for  ~5  kcal/mole  of  the  barriers  we 
found  experimentally. 
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Other  Valence  Isomerizations 

Thermal.  Heptafluorocyclooctatetraene  (27)  was  synthesized  from  hexafluorobenzene  via 
photoadduct  26.  The  bond-shift  barrier  was  determined  for  this  simple  derivative  of 


Fei? 


CFCI=CFCI 


P  1)H2,  Pd/C 
1  2)  KOt-Bu 


Cl  1 )  2n,  DMSO, 


F  -ii 


2)160°  27 

perfluorocyclooctatetraene  by  NMR  spin-saturation  transfer  experiments  carried  out  at  elevated 
temperatures.  We  found  an  activation  enthalpy  of  21.1  ±0.9  and  an  activation  entropy  of -10.2  ± 
2.5  eu.  The  former  value  is  twice  that  for  cyclooctatetraene  itself,  probably  because  of  nonbonded 
repulsions  in  the  transition  state.  In  contrast,  the  rather  large  negative  entropy  of  activation  is  very 
close  to  that  found  for  the  parent  hydrocarbon.  Carpenter  has  interpreted  that  observation  as 
evidence  for  heavy-atom  tunneling ,  which  may  well  be  occurring  also  in  the  fluorinated  tetraene. 

1,2-Dichloroperfluorocyclooctatetraene  (28)  was  synthesized  and  found  to  have  a  free  energy 
bamer  to  bond-shift  isomerization  of  >30  kcal/mole.  Thus,  this  molecule  and  its  slightly  lower 
energy  1,8-isomer  29  are  perfectly  stable  at  ordinarv  temperatures,  testimony  again  that  steric 
interactions  in  the  bond-shift  isomerization  transition  state  are  much  greater  for  the  fluorocarbons 
than  for  their  hydrocarbon  counterparts. 

•-fV  =  F.-rv 


28  29 

A  series  of  highly  fluorinated  cyclooctatriene/bicyclooctadiene  systems,  30-32,  have  been 
synthesized  by  methods  similar  to  those  for  27  and  their  electrocyclization  equilibria  have  been 
studied.  This  investigation  has  revealed  that  complete  substitution  of  fluorine  for  hydrogen  on  the 
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30  X  =  Y  =  H 


31  X  =  H,  Y  =  F 


32  X  =  Y  =  F 
7 


triene  sy^m  of  a  1,3,5-cyclooctatriene  brings  about  only  modest  change  in  either  the  equilibrium 
constant  or  the  height  of  the  barrier  for  cyclization,  but  that  is  influenced  strongly  by  the  extent 

of  fluorination  of  the  saturated  carbons.  The  equilibrium  constant  is  -4300  times  larger  for  32  than 
for  30.  In  the  pair  of  isomers  31  exo/endo  isomerism  comes  into  play.  Here  a  much  higher  barrier 
for  tub-tub  interconversion  was  found  in  the  triene  than  in  the  parent  hydrocarbon,  probably  for 
steric  reasons.  The  exo-H  configuration  of  the  derived  bicyclic  diene  was  found  to  be  much  stabler 
than  the  endo  form,  presumably  because  of  smaller  dipole-dipole  repulsion  among  C-F  bonds. 
Evidence  has  been  adduced  in  this  study  that  the  controversial  strain  energy  of 
octafluorocyclobutane  is  smaller  than  that  of  cyclobutane  itself,  but  not  dramatically  so. 

Paquette  has  shown  that  at  high  temperatures  cyclooctatetraene  undergoes  degenerate  skeletal 
rearrangement  via  internal  Diels-Alder/rerro-Diels- Alder  reactions,  as  revealed  by  studies  of  labelled 
derivatives.  In  the  hope  of  finding  degenerate  skeletal  rearrangement  in  highly  fluorinated  analogs 
and  elucidating  its  mechanism,  we  pyrolyzed  the  doubly  labelled  derivative  28  of 
perfluorocyclooctatetraene  (15)  under  both  static  and  flow  conditions.  Though  a  dimer  was 
obtained  whose  structure  is  not  yet  fully  elucidated,  no  evidence  for  skeletal  rearrangement  could 
be  found  under  conditions  which  avoided  rampant  destruction  of  the  tetraene  system.  Static 
pyrolyses  at  temperatures  as  high  as  300®  were  tolerated  by  28. 

Prepared  by  direct  fluorination  of  hexafluorodewarbenzene  (3),  decafluorobicyclo[2.2.0]- 
hexane  (33)  ring  opens  slowly  and  reversibly  at  250°  to  decafluorohexa- 1,5-diene  (34),  which 
recyclizes  more  slowly  yet  to  decafluorobicyclo[2.1.1]hexane  (35).  At  325°  these  reactions  are 
quite  rapid,  and  35  is  the  exclusive  product.  These  transformations  highlight  the  contrasts  in 
relative  energy  content  of  fluorocarbon  valence  isomers  and  their  hydrocarbon  counterparts,  for  in 
the  hydrocarbon  series  both  bicyclic  isomers  are  transformed  thermally  into  the  diene  in  quantitative 
yield.  The  contrast  is  understandable  in  terms  of  the  destabilization  of  carbon-carbon  double  bonds 
by  heavy  fluorine  substitution. 


33 


34 


250° 

slow 


35 
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Photochemical.  Ultraviolet  irradiation  of  28  at  -30®  brought  about  rapid  establishment  of  a 
photostationary  state  with  its  bond-shift  isomer  29  at  ambient  temperature.  It  is  thus  likely  that  this 
process,  which  is  invisible  in  the  absence  of  a  double  label,  occurs  as  well  in  the  photochemistry  of 
perfluorocyclooctatetraene  (15). 

We  discovered  long  ago  that  15  photocyclizes  to  give  a  20:1  mixture  of  tricyclooctadienes  36 
and  37,  and  our  hypothesis  that  its  bicyclic  isomer  16  is  an  intermediate  in  this  transformation  is 
supported  by  the  fact  that  16  photocyclizes  even  at  very  low  temperatures  to  36.  Recently  we 
showed  that  photocyclization  of  15  is  completely  inhibited  at  -30®,  a  temperature  low  enough  to 
prevent  thermal  cyclization  of  15  to  16.  We  therefore  believe  that  the  first  step  in  the 
photocyclization  of  15  is  actually  a  thermal  one,  and  the  overall  sequence  of  events  can  be  depicted 
as  follows: 


A  brief  study  of  the  photochemistry  of  a  series  of  bicyclooctatrienes  (38)  revealed  an 
interesting  dependence  of  the  product  composition  on  the  nature  of  the  reacting  excited  state.  Direct 
excitation  into  the  singlet  manifold  invariably  resulted  in  facile  cyclization,  yielding  tricyclic 


38 
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CWX=CYZ  (viaT,) 


derivatives  39.  On  the  other  hand,  triplet  sensitization  resulted  in  no  reaction,  cyclization,  and/or 
fragmentation  to  hexafluorobenzene  plus  olefin,  depending  upon  the  substituents  at  C.7  and  C.8. 
Fragmentation  occurred  when  geminal  chlorines  were  present,  consistent  with  the  interpretation  that 
radical-stabilizing  substituents  on  the  two-carbon  bridge  make  homolytic  bond  cleavage  possible  in 
the  triplet  state,  as  shown  in  40. 

F6 

40 


Finally,  tricyclic  trienes  41  were  prepared  from  cyclooctatetraene  15  and  their  photochemistry 
was  examined.  Both  were  found  to  undergo  di-pi-methane  rearrangement,  yielding  42.  This 
finding  opens  up  a  new  synthetic  approach  to  a  molecule  which  has  eluded  a  variety  of  synthetic 
attempts  in  our  laboratory,  octafiuorosemibullvalene  (43),  for  42  incorporates  the  semibullvalene 
skeleton. 
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